Constant field
Independent electrodiffusion of ions through membranes under a constant electric field is described by the familiar GHK (Goldman-Hodgkin-Katz) current equation, which can be written in the form [S] where, E is the transmembrane voltage, g 0 the specific ion conductance at reference concentrations (e.g. 1 mM at cytoplasmic and external side), [S] c and [S] e are the cytoplasmic and external concentrations of the substrate with the charge number z, and u = EF/(RT) is the reduced membrane voltage, where F, R, and T have their usual thermodynamic meanings.
Asymmetric barrier
The net current of an ion S across an asymmetric barrier between the cytoplasmic (c) and external (e) medium is 
where z S is the charge number, e the elementary charge, k macroscopic rate constants (= microscopic transition probabilities, in s -1 ), the superscript 0 marks reference conditions (zero voltage and 1 mM substrate concentrations), δ (0 < δ < 1) is the location of the peak of the energy barrier from the cytoplasmic side with respect to the total electrical distance 1 through the membrane. (Fig. 2B , left panel). In absence of more detailed information, barriers are usually assumed symmetrical with δ = 1/2. Extreme asymmetries render the current in one direction voltage insensitive (e.g. the outward current at δ = 0) and in the other direction fully voltage sensitive, (i.e. with e u for the inward current of a monovalent cation in our example). Since no interactions are treated by this model, the ions move independently, and the total current is simply the sum of the individual, independent currents
General enzyme kinetic model
The formalism of this model is illustrated by Fig. 1C and Fig. S1A . The left panel (mother scheme) shows the four-state reaction scheme for uniport of one species S by an enzyme E which can change the orientation of its main binding site between the cytoplasmic (c) and the external (e) face of the membrane. In case of n sites a in series, a 1 -a 2 -... a n-1 -a n (from left to right) the ensemble of states a 1 -aS 2 -... aS n-1 -aS n , can be lumped into our state E c and aS 1 -aS 2 -... aS n-1 -aS n into E e according to (13) . As long as only external changes of the substrate concentrations are considered, (marked as ΔS e in middle panel of Fig. 1C ) the cytoplasmic binding equilibrium and the reversible reorientation of the loaded site can be lumped to one pair of rate constants (31), yielding the black three-state reaction system of the middle panel in the Fig. 1C . In case of three substrate species (H, M and D in our case), three 3-state cycles will result which have the reorientation of the empty state (k ec and k ce ) in common, yielding a model with five states altogether, as depicted in the right panels of Fig. 1C and Fig. S1A .
In order to calculate the steady-state currents of this model, the probabilities of the state occupancies p have to be determined. This can be done by the King-Altman method (32) by forming the relative occupation probabilties p, that consist of the sum of all products of n-1 rate constants in a n-state model which lead to an accumulation of the particular state probability. Using the abbreviation κ S = k Sc + k Se (S: either H or M or D) for writing economy, these relative occupation probabilities are in our case
The absolute probabilities p are obtained by referring the relative ones to their sum
The particular ion currents are
which add up to the total current
The entire cycle may formally be viewed as a 3-barrier model, partioned into a one barrier model for reorientation of the unloaded site, and a two-barrier model for the rest of the reaction cycle.
As for the voltage sensitivity of the individual rate constants, k ce and k ec (one symmetric barrier, c-e, for the reorientation of the empty binding site) are assumed to see the complete reduced voltage u:
where the superscript 0 marks reference conditions (u= 0), z E is the charge number of the empty binding site, and the factor 1/2 in the exponent stays for a symmetric Eyring barrier (compare δ S = 0.5 in Eq. S2).
The transfer of ions via an intermediate binding site (c-S-e) is assumed to occur in two reversible steps in series (two symmetric barriers) which see only the portions d and 1-d of the total voltage, respectively:
In contrast to the initial approach of Woodhull (1973) 
This corresponds to a 'rigid', i.e. voltage-insensitive voltage partitioning coefficient. The majority of data sets were fitted better with an 'elastic', i.e. voltage-sensitive d:
which had to be determined iteratively with Eqs. S10 for each voltage.
At the present stage, this plausible relationship is a conjecture and not derived from scratch. It is a corollary of this view that the overall voltage sensitivity of the series c-S-e has a minimum, when d = 0.5, which is intrinsically approached at large voltages either sign.
Alternative approaches to describe nonlinear transport functions of ion channels (e.g. Nelson 2011 (33)) result in similar formalisms to ours. However, the concept of an 'elastic' voltage profile is novel to our knowledge.
The numerical characteristics of the model can be visualized by converting the pattern of rate constants k 0 at zero voltage into a barrier diagram ( Fig. S3 ) with the depth of the two energy troughs (for illustration see Fig. S3B )
where ΔG c is substrate independent and ΔG S substrate specific.
The heights of of the barriers (from left to right, i.e. clockwise in Fig. 1C , beginning at e) are
with k ‡ = 6.25 x 10 12 s -1 , where the left peak, ΔG (ec) , is substrate independent, and the two right peaks, ΔG (cS) and ΔG (Se) are substrate specific. With the ordinates ΔG/F of the potential profiles, changes of a rate constant by factor 10 correspond to a vertical displacement by about 60 mV.
In many cases, this general model is inappropriate, either because the two rate constants, k ij and k ji , of a fast equilibrium K = k ij / k ji cannot be identified experimentally, or -alternatively, because the search focusses on situations near the equilibrium, e.g. reversal voltages. Figs. S1B,D in Supporting Material show alternative simplified models either with fast binding equilibria (Fig. S1B ) or fast reorientation (Fig. S1C) .
In case of fast binding equilibria, the number of free parameters reduces by three (one for each substrate, namely by forming one equilibrium constant K S = k eS /k Se from the two rate constants k eS and k Se ) to nine compared to the twelve parameters of the general model. This model version has been successfully applied to some ChR current-voltage relationships (3; 5). It will be shown below, however, that this simplified model does not describe the currents far from equilibrium as close as the general model in Fig. 1C .
In case of fast reorientation (Fig. 1C in Supporting Material), each of the three resulting twostate cycles comprises four rate constants, three of which are independent to satisfy microscopic reversibility. This yields also nine free parameters for the fast reorientation model altogether. The charge of the free binding site z E can be ignored here, because the fast reorientation infers voltage-insensitivity, corresponding to a small voltage drop over a large serial conductance in an electric circuit.
Fast-binding model
The formalism of this reduction of the general model is illustrated by Fig. S1B according to (3) . Briefly, this model assumes fast binding equilibria (E c + S c ↔ ES c and E e + S e ↔ ES e ) and slow reorientation steps (E c ↔ E e , and ES c ↔ ES e ) of the charge translocating enzyme E. As long as only external changes of the substrate concentrations are considered again, the internal binding equilibrium and the reversible reorientation of the loaded site can be lumped to one pair of rate constants, yielding the black reaction system as in the general model, except for the fast external binding equilibrium which is marked bold in Fig. 1D . It is completed in grey correspondingly again, in case internal substrate concentrations were considered as well. The fast external binding equilibrium is given by the stability constants of the external loaded state of each substrate S,
Assuming symmetric Eyring barriers for the slow reorientation steps and an apparent charge z E of the empty binding site yields the voltage sensitivity of the rate constants
To exclude currents in the absence of driving forces (perpetual motion machine), microscopic reversibility dictates
The absolute state probabilities p of this model can be calculated again by the King-Altman method (32) using the relative occupation probabilties p,
S16c) p e = k ce + Σk cS , and (S16e) p S = K S p e (S16 S ) for each substrate S. Forming the sum Σp = p c + p e + Σp S allows one to convert the relative probabilities p into absolute ones p again:
and the desired currents as in Eqs.S7 and S8. Fig. S1C illustrates the reduction of the general model by the assumption of fast reorientation equilibria and thus, limiting binding/debinding steps, which can be viewed as a single binding site S between a cytoplasmic and an external barrier c-S-e as described above in the general model, however without the explicit reorientation steps. c -e.
Fast-reorientation model
The relative probabilities p of this model are
With the Sum Σ p = p 0 + p H + p M + p D , we obtain the absolute steady-state occupations of the four states
and the current portions
which add up to the total current again (Eq. S8).
Since the model reductions with fast-binding ( Fig. 1D ) and fast-reorientation ( Fig. 1E turned out to describe the experimental data less well than the general model (Fig. 1C) , the potential profile of these two model variants are not illustrated here, and their peaks and troughs are not given explicitly.
Fitting strategy
Direct search according to (34) was used as a least square standard fit algorithm with increments of 0.01 % throughout. This simple and time consuming method provided better fits than gradient methods and Simplex. A reasonable set of start parameters (first row in Table S1 ) was found by trial and error. The reproducability of fits by the general model suffered by the large number of 12 free parameters; to improve the fits, the following strategy was employed.
Starting from the first fit, one parameter after another was fixed at three times of the initially determined value, and the other parameters were left free to be refitted. If none of these fits lead to an improvement, the solution was accepted. If, however one of these fits was better than the initial one, the latter solution was accepted, and the routine was repeated until it delivered no improvement any more. The reproducibility of the solutions was significantly improved by this procedure. Fig. S1 . Reaction schemes and definitions for ChR photocurrents. A: General reaction scheme for enzymatic (E) translocation of ionic Substrates S; z E : charge number of empty binding site; left: mother scheme, middle: reduction of four-state mother scheme (light grey) to three-state scheme (black) for possible parameter identification from experimental I(E) curves with external substrate changes; ΔS e : different external substrate concentrations; right: scheme for treating three competing substrates H (H + ), M (K + and Na + ), and D (Ca 2+ and Mg 2+ ) simultaneously; B: as A but simplified by the assumption of fast binding equilibria (bold); algorithm in '4. Fast-binding model'; C: as A but simplified by the assumption of fast reorientation (bold); algorithm in '5. Fast-reorientation model'. Figure 4) . The "z E + 1" ( ≈ +0.71) panel and the eleven 10k ij panels illustrate the deviations of calculated I(E) curves from the best fits, when the two parameters marked above the graphs are changed by hand from the fitted values listed in Table  S1 . 
